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THIN-CHANNEL ELECTROSPRAY EMITTER 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 

The United States Government has rights in this invention pursuant to Contract 
No. DE-AC05-00OR22725 between the United States Department of Energy and 
UT-Battelle, LLC. 

Field of the Invention 

This invention relates generally to electrostatic spray devices, and more 
particularly to an improved electrospray ion source assembly. 

Background of the Invention 

The electrospray (ES) process generally includes flowing a sample liquid into an 
electrospray ion source comprising a small tube or capillary which is maintained at a high 
voltage, in absolute value terms, with respect to a nearby surface. Conventional ES 
systems for mass spectrometry apply high voltage (relative to a ground reference) to the 
emitter electrode while holding the counter electrode at a lower, near ground reference 
voltage. For the positive ion mode of operation, the voltage on the emitter is high 
positive, while for negative ion mode the emitter voltage is high negative. 

However, the emitter electrode can be held at (or near) the ground voltage. In this 
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alternate configuration, the counter electrode is held at high negative voltage for positive 
ion mode and at high positive potential for negative mode. The voltage drop is the same 
between the electrodes and the electron flow in the circuit is the same in both the 
conventional and alternate bias configurations. 

The liquid introduced into the tube or capillary is dispersed and emitted as fine 
electrically charged droplets (plume) by the applied electrical field generated between the 
tube or capillary which is held at high voltage, referred to as the working electrode, and 
the nearby surface. The nearby (e.g. 1 cm) surface is commonly referred to as the counter 
electrode. 

The ionization mechanism generally involves the desorption at atmospheric 
pressure of ions from the fine electrically charged particles. The ions created by the 
electrospray process can then be used for a variety of applications, such as mass analyzed 
in a mass spectrometer. 

The electrospray ion source operates electrolytically in a fashion analogous to a 
two-electrode controlled current (CCE) flow cell, effectively forming an electrochemical 
cell in a series circuit. A metal capillary or other conductive contact (usually stainless 
steel) placed at or near the point from which the charged ES droplet plume is generated 
(the ES emitter) is the working electrode in the system. The analytically significant 
reactions (in terms of ES-mass spectrometry (MS)) generally occur at this electrode. 

The rate of charged droplet production by the electrospray source defines the 
average current (droplet generation rate times average charge per droplet) that flows in 
. the cell (i.e., the ES current, i ES ). This rate is determined by several interactive variable 
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parameters including the magnitude of the electric field applied between the working and 
counter electrodes, the solution flow rate, the solution viscosity and electrical 
conductivity. When used as an ion source for mass spectrometry, the counter electrode of 
the circuit is generally the atmospheric sampling aperture plate or inlet capillary, the 
various lens elements and detector of the mass spectrometer. 

In a typical ES-MS process, a solution containing analytes of interest is pumped 
through the ES emitter which is held at high voltage, resulting in a charged solvent 
droplet spray or plume. The droplets drift towards the counter electrode under the 
influence of the electric field. As the droplets travel, gas-phase ions are liberated from 



l(p^ the droplets. This process produces a quasi-continuous steady-state current with the 

01 charged droplets and ions constituting the current and completing the series circuit. 



To sustain the buildup of an excess net charge on the surface of the liquid exiting 
the emitter, heterogeneous (electrode-solution) electron transfer reactions 



g (i.e., electrochemical reactions) must occur at the conductive contact to the solution at the 

15 spray end of the ES device. Accordingly, oxidation reactions in positive ion mode 

(positive high voltage potentials) and reduction reactions in negative ion mode (negative 
high voltage potentials) will dominate at the ES emitter electrode. Electron transfer 
reactions also must occur at the counter electrode. Charge can flow in no other way than 
through these electrode circuit junctions. Thus, electrochemical reactions are inherent to 
20 the basic operation of the electrostatic sprayer used in ES applications, such as ES-MS. 

The electrolysis reactions that take place in the ES emitter can influence the gas- 
phase ions formed and ultimately analyzed by the mass spectrometer, because they may 
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change the composition of the solution from the composition that initially enters the ion 
source. These changes include, but are not limited to, analyte electrolysis resulting in 
ionization of neutral analytes or modification in the mass or charge of the original analyte 
present in solution, changes in solution pH through electrolytic H + or OH" 

5 production/elimination, and the introduction/elimination of specific species to/from 

solution (e.g., introduction of Fe 2+ ions from corrosion of a stainless steel emitter). 

Other than direct electrolysis of a particular species, redox chemistry or other 

n chemistry can take place via homogenous solution reactions with a species that may be 

Mi 

yjj created at the working electrode. Homogeneous solution reactions are also used in 

103 controlled-current coulometry. 

m 

Applied to electrospray, a homogeneous solution reaction can occur though 
p creating a species at the working electrode, and then diffusing the created species into 

solution and interacting it with another species causing an effect. This is a homogenous 
^ solution reaction, whereas reaction at the working electrode is heterogenous process. 

15 Homogeneous solution reactions provide the ability to greatly increase reaction efficiency 

because not all the analyte needs to get to the working electrode surface to react. 

Sufficient time must generally be provided for the homogenous reaction to take 
place before the material is sprayed. Time between electrochemical reaction and spraying 
can be provided by an upstream working electrode contact. The electrochemical creation 
20 of reactants for the homogenous solution reaction can also buffer the potential to a given 

level, provided the species reacting is in high enough concentration or the reaction is not 
diffusion limited. A particular advantage of this approach is the ability to generate 
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unstable reactants (e.g., the oxidant bromine) in situ. 

Determining the extent and nature of these solution compositional changes is a 
complex problem. Because the magnitude of i ES is known to be only weakly dependent 
on solvent flow rate, the extent of any solution compositional change that the electrolytic 
reactions can impose necessarily increases as flow rate decreases. The interfacial 
potential distribution of the working electrode ultimately determines what reactions in the 
system are possible as well as the rates at which they may occur. 

However, in an ES ion source, the interfacial potential is not fixed, but rather 
adjusts to a given level depending upon a number of interactive variables to provide the 
required current to the circuit. The variables that are expected to materially affect the 
interfacial electrode potential include, but are not limited to, the magnitude of i ES , the 
redox character and concentrations of all species in the system, the solution flow rate, the 
electrode material and geometry. Control over the electrochemical operation of the ES 
ion source is essential both to avoid possible analytical pitfalls it can cause (e.g. changes 
to the sample to be analyzed) and to fully exploit the phenomenon for new fundamental 
and analytical applications which are available through use of ES-MS. 

Currently available electrospray emitter designs have not considered structures 
which can permit improved control of the electrochemistry of the electrochemical cell 
which can be used for analytical benefit. For example, current electrospray emitter 
designs do not perform efficient mass transport to the working electrode surface. 
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SUMMARY OF INVENTION 
An electrospray device includes a high voltage electrode chamber having an inlet 
for receiving a fluid to be ionized and for directing fluid into the chamber and an outlet 
for transmitting fluid out from the chamber. At least one working electrode has an 
exposed surface within the chamber, the electrode for electrolytically producing ions from 
the fluid. A flow channel directs fluid in a flow direction over the surface of the 
electrode, a length of the flow channel over the electrode in the flow direction being 
greater than a height of the fluid flowing over the electrode. The electrospray device can 
*Q include an emitter connected to the outlet for receiving the fluid from the outlet the 

1 (H emitter for emitting a plume of gas phase ions. 

O 

nj 

p An auxiliary electrode remotely located from the chamber can be provided for 

e emission of ions generated by the working electrode toward the auxiliary electrode the 

o 

Si emission under influence of an electrical field between the electrodes. The emitter can 

fefs 

g include a non-electrically conductive capillary. A nebulizer can also be optionally added 

U 

1 5 to the emitter to increase gas phase ion production. 

The flow channel can include at least one capping member disposed on the 
working electrode. The capping member can define dimensions of the flow channel and is 
preferably formed from at least one chemically resistant polymer material. The capping 
member can include at least one electrode. 

20 At least one dimension of the flow channel is preferably modifiable. The 

electrospray device can include a feedback and control system, the feedback and control 
system for modifying at least one channel dimension based on at least one measurement 
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derived from the fluid transmitted from the electrode chamber. 

The ratio of length of the flow channel over the electrode in the flow direction to 
the height of the fluid over the electrode can be at least 10, or preferably at least 100. 
More preferably, the ratio is at least 1000. Having the channel length over the working 
electrode greater than the height of the channel over electrode permits the electrospray 
device to substantially ionize or otherwise react substantially all analyte fluid flowing 
over the working electrode while maintaining a reasonable flow rate. The thin-layer fluid 
flow channel also minimizes the mass transport distance for reacting species in the fluid 
to reach the working electrode. 

The working electrode can be disposed in an electrode support member. The 
electrode support can include at least two working electrodes. Different electrodes can be 
held at different electrical potentials. When multiple working electrodes are used in the 
electrode support, the respective electrodes can be formed from different materials, the 
different materials having different electrochemical potentials, different kinetic properties 
or different catalytic properties. A structure for application of the different potentials to 
the respective electrodes can be provided. 

When working electrodes are provided in both the electrode support and capping 
member, the electrode support can be formed from a first material and the electrode in the 
capping member can be formed from a second material, the materials having different 
electrochemical potentials, different kinetic properties or different catalytic properties. In 
this configuration, a structure for applying a potential difference between the electrode in 
the electrode support and the electrode in the capping member is preferably provided. A 
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voltage divider can be provided for application of a potential difference between working 
electrodes. When at least two working electrodes are provided, a switching network for 
switching connection to a high voltage power supply between respective electrodes is also 
preferably provided. 

The surface of electrodes, the electrode support and the capping member can all 
be substantially planar. A flow member can be disposed between the capping member 
and the electrode support. In this configuration, the capping member can include at least 
one electrode. 

An electrospray device includes a substantially planar high voltage electrode 
support including at least one working electrode having an exposed surface for 
electrolytically producing ions from fluid passing over the electrode, the working 
electrode support forming a bottom of a fluid flow channel. A capping member forms a 
top of the flow channel, the flow channel for directing the fluid in a flow direction over a 
surface of the electrode, a length of the flow channel over the electrode in the flow 
15" direction being greater than a height of the fluid flowing over the electrode. The capping 

member can include at least one electrode. 

A mass spectrometer includes a high voltage electrode chamber having an inlet 
for receiving a fluid to be ionized and for directing the fluid into the chamber and an 
outlet for transmitting the fluid out from the chamber, at least one electrode having an 
20 exposed surface within the chamber, the electrode for electrolytically producing ions from 

the fluid. A flow channel directs the fluid in a flow direction over the surface of the 
electrode, a length of the flow channel over the electrode in the flow direction being 
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greater than a height of the fluid flowing over the electrode. An orifice plate is remotely 
located from the chamber for receiving gas phase ions emitted from the emitter under 
influence of an electrical field between the electrode and orifice plate. 

An electrochemical cell includes a high voltage electrode chamber having an inlet 
for receiving a fluid to be ionized and for directing the fluid into the chamber and an 
outlet for transmitting the fluid out from the chamber, and at least one electrode having an 
exposed surface within the chamber, the electrode for electrolytically producing ions from 
the fluid. A flow channel directs the fluid in a flow direction over the surface of the 
electrode, a length of the flow channel over the electrode in the flow direction being 
greater than a height of the fluid flowing over the electrode. A counter electrode is 
disposed remotely from the electrode chamber. The electrochemical cell can include a 
reference electrode in the electrode chamber. 

A method of creating charged droplets includes the steps of providing a high 
voltage electrode chamber including an inlet for receiving a fluid to be ionized and for 
directing the fluid into the chamber and an outlet for transmitting the fluid out from the 
chamber and at least one working electrode having an exposed surface within the 
chamber, the electrode for electrolytically producing ions from the fluid. A flow channel 
directs the fluid in a flow direction over the surface of the working electrode, a length of 
the flow channel over the electrode in the flow direction being greater than a height of the 
fluid flowing over the electrode. The fluid is flowed into the electrode chamber. The 
length the fluid travels over the working electrode in the flow direction is greater than the 
height of the fluid over the working electrode. The method can include the step of 
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emitting a plume of gas phase ions from ions generated by the working electrode. At 
least two electrodes can be provided in the chamber, the method including the step of 
dynamically switching an electrical potential between respective electrodes. When two or 
more electrodes are provided in the electrode chamber, the method can include the step of 
applying a potential difference between respective electrodes. 

The method can include the step of dynamically changing at least one dimension 
of the flow channel. The channel height can preferably be dynamically changed. The 
dynamic changing can be responsive to at least one measured parameter relating to the 
fluid, the measured parameter being derived from the fluid. The dynamic changing step 
can include altering a force applied to the electrode chamber to modify the channel 
height. The plume of gas phase ions can be used for many processes. For example, the 
plume can be used for ion mobility spectrometry, spot preparation for matrix-assisted 
laser desorption mass spectrometry, crop dusting, paint spraying, ink jet printers, ink jet 
spotters, surface preparation of thin films and mass spectrometry. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
A fuller understanding of the present invention and the features and benefits 
thereof will be accomplished upon review of the following detailed description together 
with the accompanying drawings, in which: 

Fig. 1(a) illustrates a schematic of an embodiment of the invention 

Fig. 1(b) illustrates an electrospray device according to an embodiment of the 
invention. 

Fig. 2(a) illustrates an embodiment of the invention showing an electrospray 
device having a capping member. 

Fig. 2(b) illustrates an electrospray device having a capping member and more 
than one working electrode disposed in the electrode chamber. 

Fig. 3 illustrates an electrospray device having an electrode support member, flow 
member and capping member according to another embodiment of the invention. 

Fig. 4(a) illustrates an electrode support member from the device shown in Fig. 3. 



Fig. 4(b) illustrates a flow member from the device shown in Fig. 3. 
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Fig. 4(c) illustrates a capping member from the device shown in Fig. 3. 

Fig. 4(d) shows an exploded view of the electrode support, flow member and 
capping member used to form the electrospray device shown in Fig. 3. 

Figs. 5(a), (b) and (c) shows the relative abundances of various species observed 
in the gas-phase from an electrospray device using the configuration shown in Fig. 4 with 
glassy carbon, silver and copper electrodes, respectively. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Inherent in the operation of an electrospray (ES) ion source are electrochemical 
reactions and behavior of the ES source as a controlled-current chemical cell. The 
invention permits substantial control over many of the significant parameters which affect 
5 the electrochemistry that occurs at the working electrode in an electrospray device. 

Parametric control of electrospray factors at and near the working electrode can 
materially affect the electrochemistry of an electrospray process and permit a system to 
maximize or minimize certain reactions. Thus, a system can be configured to provide, 
□ eliminate or otherwise change, the concentration of one or more particular species in 

im solution for analytical benefit. Applied to mass spectrometry, ions observed in the mass 

spectrum and their relative intensities can be influenced and controlled in a manner not 
possible with the limited control over the electrochemistry provided by conventional 
Cjj electrospray designs. 



A conceptual drawing underlying an important advantage of the present invention 

3 

15 r ^ is shown in Fig. 1(a). A flow channel 125 directs fluid over, but not through, working 

electrode 102. Channel 125 has a length 106 in the flow direction over electrode 102 
which is greater than the height 108 of the channel 125 over electrode 102. The thin- 
layer fluid flow channel 125 minimizes the mass transport distance for the fluid to reach 
electrode 102. The resulting high electrode area to liquid volume ratio over electrode 102 

20 permits an electrospray device to substantially ionize or otherwise react substantially all 

analyte fluid flowing over electrode 102, while maintaining a flow rate, such as 10 
nanoliters/min to 100 microliters/min. 
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Increasing mass transport electrolysis efficiency improves the reaction rate for any 
species which reacts at the electrode, provided the reaction is a diffusion limited process. 
Since the system is generally driven by a pump 145, mass transport is generally by 
convective-diffusive flux. The net result of the electrochemical reactions is that excess 
5 charge will be provided to the solution to sustain the production of charged droplets. 

An improved electrospray device 100 according to an embodiment of the 
invention is shown in Fig. 1(b). In this embodiment, the electrospray device includes at 
least one high voltage "working" electrode 102 positioned within an electrode chamber 
□ 110 having inlet 1 15 and outlet 130. The working electrode 102 is one electrode in the 

l<yf two-electrode system of the electrostatic spray device 100, the other electrode being a 

fy counter electrode, such as the orifice plate 155 of a mass spectrometer (not shown). 

s 

*p Working electrode 102 is generally electrically connected to the high voltage 

terminal 193 of high voltage power supply 195 for positive ion mode, and low voltage 
terminal 197 for negative ion mode. Orifice plate 155 is held at low potential through 
1& connection to low voltage terminal 197 as shown in Figs. 1(a) and 1(b) to achieve 

operation in positive ion mode. In negative ion mode, orifice plate can be connected to 
high voltage terminal 193, while working electrode can be connected to low voltage 
terminal 193. Although a single power supply 197 is shown in Figs. 1(a) and 1(b), more 
than one power supply (not shown) can also be used with the invention. 
20 Working electrode 102 is preferably a substantially planar electrode as shown in 

Fig. 1 to limit flow resistance and void volume. Pump 145 can be used to force analyte 
fluid through inlet 1 15 into electrospray device 100 to pass over the working 
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electrode 102. 

More than one working electrode can be provided within electrode chamber 110, 
such as 2 electrodes. Electrical contact from high voltage power supply 195 can be made 
to any one or all electrodes though direct electrical connection or switching of respective 
electrode leads to high voltage power supply 195. When multiple electrodes are 
provided, a switching system can be added to switch power supply connection between 
the respective working electrodes to permit varying electrospray conditions. This 
switching is preferably automatic. A voltage divider (not shown) can be added to provide 
different levels of high voltage to the respective electrodes. 

Multi-electrode chamber configurations can add additional electrochemical cells 
into the circuit, the additional electrochemical cells formed between pairs of the 
respective electrodes. The different electrodes can utilize different electrode materials, 
the different materials having different electrochemical potentials, different kinetic and/or 
catalytic effects. This can allow generation of a higher interfacial electrode potential than 
otherwise possible if relying only on the inherent controlled-current electrolytic process 
of electrospray. The additional electrochemical cell formed in this embodiment can also 
be used to overcome, at least in part, the current- limited nature of the electrochemical 
process in the electrospray ion source. Higher currents provide for a greater magnitude of 
electrolysis, which for example, improves electrolysis efficiency which can enable use of 
higher pumping rates. 

As volumetric flow rates increase in electrospray processes generally beyond 
approximately 10 microliters/min, the mass transport through the system 100 of species 
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present at concentrations of a few micromolar or more can begin to exceed in equivalents 
the current capacity of the system. As an example only, the current capacity of the system 
100 in a single-electrode chamber embodiment can be approximately 0.1-0.5 microamps. 
The current capacity for a given electrospray system can be calculated using Faraday's 
5 law. 

Electrode chamber 1 10 forms a thin-layer flow channel cell defined by channel 

125 to direct fluid over working electrode 102. Flow channel 125 is provided for directing 

the fluid over a surface of electrode 102, rather than through the electrode as in 

p conventional hollow tubular electrode systems. A length 106 of the flow channel over the 

1 QM working electrode 1 02 in the flow direction is greater than the height of fluid 1 08 in flow 

Q 

pi ' 



channel 125 over working electrode 102. This configuration results in a very high 
yg working electrode area to liquid volume ratio in the region over the working 



5 

O- electrode 102. 

m 



The thin-layer fluid flow channel 125 minimizes the mass transport distance for 
lfl the fluid, the mass transport distance being the distance the species in the fluid must 

diffuse to reach the working electrode 102. Being convective transport dominated, 
diffusion occurs substantially perpendicular to the working electrode surface based on the 
concentration gradient in respective stacked layers of fluid on electrode 102, the 
respective layers having substantially uniform potential. In most applications, it is 
20 preferable for the overall fluid volume to be low so that fast transport from the working 

electrode 102 to the spray tip (not shown) results. 
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The high electrode area to liquid volume ratio provided by electrode chamber 1 10 
permits an improved opportunity for analyte fluid to reach electrode 102. Thus, 
electrospray device 100 efficiently electrochemically changes the charge balance by 
adding more of one ion polarity or discharging the other ion polarity, or both of these 

5 charge exchange processes. As a result, an excess of one ion polarity is obtained creating 

the conditions to form charged droplets. This arrangement results in little material 
escaping the system without coming in contact with the electrode surface. After passing 
over the electrode, fluid is directed by channel 125 to outlet 130 out of electrode 

O chamber 110. 



IQt It is generally desirable to maximize the ratio of length 106 to height 108. 

Q 

fy Although flow resistance increases as channel height decreases, the resulting increased 

m 

*P ionization efficiency permits pump 145 to increase the pumping rate without reducing 

.OSS. 

ionization efficiency to achieve a desired flow rate. In one embodiment, the ratio of 



^gj electrode length 106 to channel height 108 is at least 10, such as 25, 40, 60, and 75. In a 

5 

IS* more preferred embodiment, the ratio is at least 100, such as 250, 400, 600 and 750. In a 

most preferred embodiment, the ratio is at least 1,000, such as 2,000, 4,000, 6,000 and 
7,500. 

A short mass transport distance to a surface of working electrode 102 is provided 
from any point in the chamber 1 10, thus improving electrolysis efficiency compared to 
20 convention electrospray emitters. For maximum theoretical electrolysis efficiency to 

occur, all species must contact the working electrode surface. Efficient analyte 
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electrolysis can be used to increase analyte signal intensity through enhanced 
electrochemical ionization, to study analyte electrochemistry properties, or to create novel 
types of gas-phase molecular ions with the ES ion source. The latter case includes 
molecular ions M + and M 2+ formed by electron transfer chemistry as compared to the 
normally observed (M + H) + and (M + 2H) 2+ ions formed by acid-base chemistry. 

The electrospray device 100 can be configured to permit at least one dimension of 
flow channel 125 to be modifiable by application of at least one external force. For 
example, the electrode chamber 1 10 can include compressible material. If the material 
used to form electrode chamber 1 10 responds to electric and/or magnetic fields, 
dimensions of flow channel 125 may also be altered through use of electromagnetic 
forces, rather than mechanical force as in the case of a compressive force. 

For example, provided electrode chamber 1 10 includes a compressible material, 
the channel height 108 can be modified through application of a force, such as a 
compressive force, applied to electrode chamber 110. The electrospray device 100 can 
further include a feedback and control system, the feedback and control system for 
adjustable application of force to the electrode chamber. The magnitude of the force 
applied can be based on at least one measurement derived from fluid transmitted from the 
electrode chamber 1 10, such as the gas-phase current of a particular analyte. 

Outlet 130 is preferably connected to an emitter (not shown). Following emission 
from the emitter (not shown), gas phase ions are sprayed towards a counter electrode 155 
under the influence of an electrical field created by a potential difference imposed 
between working electrode 102 and counter electrode 155. 
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Another potential advantage of the invention is the ability to vary the time delay 
from the passage of the analyte over the working electrode 102 to the time fluid exits the 
emitter (not shown). If desired, the time delay can be controlled by changing flow rate of 
the fluid by altering the pumping speed of pump 145, or by changing the dimensions of 
the emitter (not shown). Reactions brought about because of the electrochemistry at the 
working electrode 102 can be studied as a function of reaction time in this fashion. Time 
delay can varied such that there is little time for other reactions to occur between 
ionization by the working electrode 102 and emission from the emitter to configurations 
where there are tens of seconds of time delay for reactions to occur. 

In an alternate embodiment of the invention, an electrospray device 200 can 
include an electrode chamber 220 having at least one capping member 210 disposed on at 
least one electrode 102, the capping member 210 together with electrode 102 defining the 
dimensions of the flow channel 125. Referring to Fig. 2(a), capping member 210 is 
preferable made from a chemically resistant, substantially non-porous and non-electrically 
conductive, strong and compressible material. 

Thus, provided capping member is compressible, application of a compressive 
force can alter one or more dimensions of flow channel 125, including modification of 
the channel height 108. If the material used to form capping member responds to electric 
and/or magnetic fields, dimensions of flow channel 125 may be altered through use of 
electromagnetic forces, rather than mechanical force as in the case of a compressive force. 
Flow channel dimensions may also be modifiable by providing capping member 210 and 
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electrode 102 formed in appropriate geometries to permit relative motion while 
maintaining a seal to the environment. 

As shown in Fig 2(b), electrospray device 200 can include more than one 
electrode disposed in electrode chamber 220. In this embodiment, analyte electrolysis is 
enhanced further by adding at least one electrode 222 to capping member 210 so that the 
added electrode 222 is disposed opposite electrode 102. Added electrode 222 can be 
biased using an additional power supply (not shown) or by voltage dividing the potential 
generated by an existing high voltage power supply, such as high voltage power 
supply 195 shown in Figs. 1(a) and 1(b). Use of an additional power supply can provide 
more current to the system. 

The above multi-working electrode embodiment effectively decreases the 
maximum mass transport distance to a working electrode surface, the mass transport 
distance being effectively perpendicular to the respective electrode surfaces. In addition, 
this configuration can allow generation of a higher interfacial electrode potential than 
otherwise possible if relying only on the inherent controlled-current electrolytic process 
of electrospray. 

A three component embodiment of the invention is shown in Fig. 3. Electrospray 
device 300 shown is formed by stacking three (3) members, capping member 340, flow 
member 335 and electrode support member 320. Exploded views of preferred 
embodiments of these members are shown in Figs. 4(a), 4(b) and 4(c), respectively and 
their resulting stacked combination in Fig. 4(d). Members 340, 335 and 320 are each 
preferably substantially planar. In this embodiment, the physical dimensions of the flow 
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channel 125 are defined by the electrode support member 320 including working 
electrode 102 combined with adjacent flow member 335. Capping member 340 is shown 
disposed on flow member 335. Although both the inlet 115 and outlet 130 are provided 
by capping member 340, the invention is in no way limited to this arrangement. 

Electrode support member 320 is preferably made from materials capable of 
forming an effective seal, being substantially electrically non-conductive, having high 
strength and resistance to a wide variety of organic and inorganic liquids, including 
solvents. In one preferred embodiment, members 320 and 340 are formed from 
polyetheretherketone (PEEK), PEEK being a very inert, hard polymer material. 



1 In one example embodiment, the flow channel length measured between input 1 1 5 
P=| and output 130 is approximately 2 cm, while the length 106 over working electrode 102 



kg in the flow direction is 6 mm, the working electrode shape being in the shape of a disk 

S having a 6 mm diameter. Working electrode 102 can be provided in a variety of other 

a - 

shapes such as rectangular. The respective flow channel length measured between input 



O 

15j 115 and output 130 can be made longer or shorter than this value. 

The channel width (shown in Fig. 4(b) as reference 338) and channel height 108 
can be determined by the dimensions of flow member 335, which can be a spacing 
gasket. The thickness of gasket 335 can determine the height of fluid over working 
electrode 102, while the channel width 338 can be determined by the dimension of an 

20 opening in gasket 335 in the direction indicated by width 338. The spacing gasket is 

preferably formed from polytetrafluoroethylene, or from materials having similar non- 
electrically conductive, substantially non-porous properties. The volume and mass 
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transport characteristics of electrospray device 300 can be altered by varying a variety of 
parameters including the working electrode size or shape, spacing gasket thickness, and 
solution flow rate. 

Working electrode 102 is planar in the preferred embodiment of the invention. 
5 However, working electrodes need not be planar. For example, electrodes can have 

surface topography other than planar. Electrode topography can also increase total surface 
area of the electrode for a given geometric length/diameter, increasing the 
surface-to-volume ratio. A single non-planar working electrode 102 would generally 
Q results in non-uniform channel height 108 over the electrode area. However, if an 

m 

10p electrode is added to capping member 340 opposite electrode support member 320 and 

p 

fy respective working electrode topographies track one another, a nearly constant channel 

ft 

height 108 in the channel region between respective working electrodes can result. 

E 

5 s *- The gasket thickness and resulting channel height 108 can be made in a wide 

^ variety of sizes. However, in most applications, a minimum channel height 108 will be 

13U preferable to achieve optimum mass transport to the working electrode 102. For 

example, in one embodiment the gasket thickness can be 0.0005 inches thick. Gaskets 
thinner than 0.0005 inches are expected to be provide even better performance for many 
applications. 

Gasket 335 shown has a void region 336 configured in an oblong shape. Void 
20 region 336 can alternatively be replaced with a porous material filling the same region to 

similar flow properties. Void region 336 can be any of a variety of shapes, provided the 
shape chosen allows fluid to enter electrode chamber 310, pass over the working 
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electrode 102, and out of the electrode chamber 310. For example, void region 336 can 
have a spiral, serpentine, or rectangular shape. 

Additional working electrodes can be provided. The working electrode member 
320 can be provided more than one electrode, such as 2 electrodes. Alternatively, capping 
5 member 340 can provide one or more working electrodes. 

In a first multi-electrode configuration, the electrospray device 300 can add 
another two-electrode electrochemical cell into the circuit, the additional electrochemical 
cell formed between two electrodes which can be disposed on electrode supporting 
O member 320. Each working electrode can utilize different materials, the different 

g materials having differing electrochemical potentials, different kinetic and/or catalytic 

h 

fj properties. With multiple electrodes available, a switching system can be added to switch 

|| between respective working electrodes to permit varying electrospray conditions. The 

*jj switching is preferably automatic. 



adding an electrode to capping member 340, preferably disposed directly opposed to the 
working electrode provided by electrode support member 320. This embodiment 
effectively decreases the maximum mass transport distance to a working electrode surface 
by a factor of 2, the mass transport distance being effectively perpendicular to the 
respective working electrode surfaces. Also, a voltage divider might be added between 
the two electrodes. This could allow generation of a higher interfacial electrode potential 
than otherwise possible if relying only on the inherent control led-current electrolytic 
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Alternatively, or in combination with the embodiment having multiple electrodes 
on electrode supporting member 320, analyte electrolysis might be enhanced further by 




process of electrospray. The additional electrochemical cell formed in this embodiment 
can also be used to overcome, at least in part, current-limited electrolysis in the 
electrospray ion source. Higher levels of electrolysis allows improved emitted current 
levels through utilization of higher pumping rates. 

Control of the working electrode potential can be improved through use of a 
reference electrode (not shown). For example, a three electrode system, including a 
working electrode, a counter electrode and a reference electrode, can be used with the 
invention. An additional external voltage source is generally connected to the reference 
and working electrode. This permits a potentiostat to be configured. A potentiostat can 
be used to produce a voltage output at an electrode to be controlled that is given by some 
control voltage (e.g. from an external voltage source) minus the voltage at the reference 
g electrode input, multiplied by a large gain factor. The voltage from the reference electrode 

provides negative feedback for the potentiostat. Operational amplifiers are preferably 



00 

m 

01 



used for this purpose. 



1 & Electrode support member 320 is preferably held against capping member 340, 

separated by flow member 335 (e.g. spacer gasket), by at least one fastener (not shown). 
The fasteners can be inserted through members 320, 335 and 340 using holes 151-154 to 
align and compress the respective members together. In the preferred embodiment, the 
fasteners used are turn screws. For example, approximately one turn of the screw counter 
clockwise can permit removal of the electrode support member 320. This fitting system is 
available from Bioanalytical Systems, Inc. 2701 Kent Avenue West Lafayette, IN 47906, 
which uses these fasteners on thin-layer electrochemical cells used as detectors for liquid 
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chromatography. The ability to quickly and easily disassemble and reassemble the 
electrode chamber 310 allows for the electrode area, electrode material, and channel 
height 108 to be rapidly and conveniently modified. 

Using the turn screw fasteners described, electrode support member 320 is easily 
5 removable. One can remove electrode support member 320 including working electrode 

102 and replace it with another electrode support member 320, such as one having a 
different electrode material or different electrode area. The effective electrode size and 
shape can be varied by either changing the physical size or shape of the electrode 102 or 
Q by changing the shape of the void region 336 in fluid member 335 (e.g. spacing gasket). 

1 °^ The invention provides the ability to easily change a plurality of parameters 

associated with the working electrode in terms of electrochemistry that cannot be 

m 

^ provided by simply changing conventional tubular electrodes. For example, the invention 

O permits rapid modification to deploy a wide variety of electrode materials 

M 

!ft electrochemical and chemical modification of those electrodes, changing the size and 

1 |J shape of the electrode (electrode area), and the mass transport to the working electrode. 

Changing the electrode material can significantly impact the operation of 
electrospray device 300. For example, Figs. 5(a), (b) and (c) show the gas-phase species 
observed from operation of an electrospray device using the configuration shown in Figs. 
4(a)-(d) with glassy carbon, silver, and copper electrodes, respectively. Each electrode 
20 had the same area. All other parameters were held constant, such as fluid flow equal to 

2.5 |iL/min and electrospray current equal to 0.24uA. jV-phenyl-l,4-phenyldiamine 
{E p/2 * 0.45 V vs SHE, 20 uM in H 2 0/CFf 3 OH, 5.0 mM NH 4 OAc, pH 4) was used as the 
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fluid. The protonated molecule for this species was observed at m/z 185, while its 
oxidation product, //-phenyl- 1,4-phenyldiimine, was observed as a protonated molecule 
at m/z 1 83. The data shown in Figs. 5(a), (b) and (c) demonstrates that the extent of 
analyte oxidation and the absolute abundances of the individual species observed in the 
5 gas-phase can be substantially dependent on the nature of the electrode material selected. 

The electrospray device 300 can be configured to permit at least one dimension of 
flow channel 125 to be modifiable by application of at least one external force. 
Accordingly, the channel height 108 can be modified through application of a force, such 

O as a compressive force, applied to gasket 335. Provided gasket 335 is compressible 

f 

1 OD electrospray device 300 can further include a feedback and control system, the feedback 

Q 

and control system for adjustable application of force to the gasket 335. The magnitude of 

& 

g the force applied can be based on at least one measurement derived from fluid transmitted 

s 

□ from the electrode chamber 3 1 0, such as the gas-phase ion current of a particular analyte 

J The electrode configuration shown in Figs. 3 and 4 also permit cleaning the 

s 

1 £ working electrode, such as electrode 1 02, which are otherwise normally narrow bore 

tubes. This flow-over design as compared to conventional flow through designs also 
essentially eliminates the problem of plugging of the emitter tubes which can be a major 
expense if the tube is rare metal, such as platinum, for example. Tubular electrodes are 
susceptible to plugging such that they can become unusable. 

20 If electrodes are made of noble materials (e.g. glassy carbon, gold, platinum) are 

used with the invention, they will generally be useful for many years. Electrode materials 
which significantly corrode, such as zinc, copper, stainless steel and silver will still have 
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long lifetimes using the invention because of the generally low electrospray currents. For 
example, if the electrospray current is 0.1 \iA, these materials can be expected to last 
several years. Thus, except for the most easily oxidizable electrodes operated in positive 
ion mode, the electrodes used in the invention, with reasonable care, should not wear out 
or otherwise require replacement because of processes occurring during normal use of the 
electrospray device 300. 

The analyte preferably exits the electrode chamber 310 from outlet 130 and is 
directed into a non-electrically conductive capillary 360 which can be connected to a 
smaller diameter emitter tube 365. The combination of capillary 360 and emitter tube 365 
forms a remote emitter for spraying. A remote emitter refers to an emitter remotely being 
upstream relative to the high voltage of the working electrode 102. 

With the non-conductive capillary emitter 360/365 at low field as opposed to 
conventional metal capillary electrodes which are held at high field, the likelihood of a 
corona discharge at the tip of spray capillary is minimized. The liquid from the spray tip 
360/365 to the electrode 102 in the device 300 acts as a limiting resistor in the series 
electrochemical circuit formed, and thus, as a discharge suppressor. Therefore, it should 
have better performance in negative ion mode than the normal metal capillaries where 
discharge is likely. 

Capillary 360 preferably has a nominal inner diameter of 10 to 50 |im, and is 
connected to a comparatively short, smaller diameter capillary emitter 365. Capillary 
emitter tube 365 preferably has a smaller diameter than capillary 360 to produce smaller 
diameter droplets. The length of emitter 365 is preferably shorter than capillary 360 to 

P1011766;5 28 



l®& be used as an additional droplet generator to enhance gas-phase ion formation for some 

H 

j^j solutions which may be difficult to vaporize, prior to emission towards a counter 

CP 

electrode. 

Although not required, redox buffers can be used to control of the interfacial 

La, 

[ n electrode potential distribution surrounding electrode 102, because the electrospray ion 

O 

1$I source operates as a controlled-current electrolytic cell. Oxidation or reduction of the 

redox buffer at the working electrode(s) 102 can be used to maintain the electrode at that 
potential. By appropriate selection of the working electrode material, the corrosion of the 
electrode in positive ion mode can be used to obtain this redox buffer effect without 
requiring the addition of a redox buffer. 

20 In addition, the metals supplied by the corrosion process can eliminate the need to 

add these metals to solution as salts. The metals can be used to enhance signal levels by 
coordination with the analyte, can be used to help in analyte structure determination by 
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limit flow resistance. Emitter tube 365 preferably has an interior diameter of 2 to 5 \xm. 
Capillary 360 and emitter tube 365 can be both formed form fused silica. 

Although shown as separate capillary elements 360 and 365, a single capillary can 
be used. The single capillary can have uniform inner diameter, or be formed with a 
smaller diameter tip relative to the remaining length of the capillary tube. Generally, 
larger inner diameters will be used to support higher flow rates. 

The glass nonconductive emitters, without conductive contacts, are generally 
inexpensive and can be disposed of rather than cleaned without expense. The non- 
conductive capillary can include an auxiliary nebulization. A nebulizer (not shown) can 



tandem mass spectrometry or used in metal-ligand complex chemistry studies, such as 

metal-ligand stoichiometrics. 

Redox buffering in negative ion mode can be achieved by the use of materials, 

such as platinum, that have a low over-potential for hydrogen generation compared to 

5 those materials that do not (e.g., glassy carbon). Some suitable electrode materials that 

might be used as redox buffers in positive ion mode include, but are not limited to, 

glassy carbon (E°> 1.5 Fvs standard hydrogen electrode (SHE)), gold (E° Au/Au 3+ * 1.4 V 

vs SHE), platinum (E° Pt/Pt 2 + - 1.2 V vs SHE), palladium (E° Pd/Pd 2 + - 0.83 V vs SHE), 

Q silver (E° Ag/Ag + - 0.7996 V vs SHE), copper (E° Cu/Cu 2 + * 0.3402 V vs SHE), lead 

1 (E° Pb/Pb 2 + - -0. 1 26 V vs SHE), tin (E° Sn/Sn 2 + - -0. 1 364 V vs SHE), nickel 

if (E° Nm 2+ * -0.23 V vs SHE), cobalt zinc (E° Co/Co 2+ » -0.28 V vs SHE), thallium 
01 

m i&wn a -0.3363 V vs SHE), indium (E° ln/In 3+ * -0.338 V vs SHE), cadmium 

O (E°zn/z„ 2+ * -0.4026 V vs SHE), and zinc (E° Zn/Zn 2+ - -0.7628 V vs SHE). 

y 

^ By controlling the interfacial potentials with appropriate redox buffers, one can 

Q 

lp4, ensure that species with E? values below a certain magnitude will not undergo an 

electrolysis reaction. In addition, channel height 108 can be used to control the 
heterogeneous (electrode-solution) reaction rate. For example, by increasing the channel 
height 108, the heterogeneous reaction rate and resulting electrolysis efficiency for the 
analyte can be reduced for a given volumetric flow rate, because of the longer mass 

20 transport distance (and transport time) to the electrode 102. 

Use of redox buffers also permits control over reactions that alter solution pH 
(e.g., oxidation or reduction of water), analyte electrolysis, or unwanted modification of 
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unknown analytes. Addition of a redox buffer can provide for coulometric titration of a 
particular analyte species in solution. This can greatly increase reaction efficiency 
because the analyte need not reach the working electrode surface to react. 

By changing the electrode potential and observing if the analyte is altered in either 
charge, mass or structure one can bracket the equilibrium potential for the analyte in 
question. Because material isolated for an electrochemical study may be limited, 
changing the electrode potential and observing if the analyte is altered represents a 
method to get fundamental electrochemical information on an analyte with very small 
amounts of material. For example, if a chromatographic separation of a mixture is being 
performed, this information can be generally derived with two or three experiments. 

The invention should find use as an electrospray ion source emitter for all devices 
which benefit from a controlled gaseous ion stream, such as for ion mobility 
spectrometry, to generate an aerosol for drug delivery by inhalation, spot preparation for 
matrix-assisted laser desorption mass spectrometry, crop dusting, paint spraying, ink jet 
printers and ink jet spotters and surface preparation of thin films of different materials for 
material science and biological applications. However, the invention is particularly well 
adapted for use as an electrospray ion source for mass spectrometers. 

While the preferred embodiments of the invention have been illustrated and 
described, it will be clear that the invention is not so limited. Numerous modifications, 
changes, variations, substitutions and equivalents will occur to those skilled in the art 
without departing from the spirit and scope of the present invention as described in the 
claims. 
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